We have questioned whether a complex behavior, such as fish swimming, can be better described quantitatively as a sequence of discrete events or states than with classical kinematic measures which can be compromised by inherent variability. Here, the different states, expressed as combinations of symbols, were defined on the basis of the animal's location (A: periphery, and B: inner part of the aquarium) and speed (Fast and Slow). We observed that the distributions of time intervals spent in the successive states were not gaussian. Rather, they were fit by power laws associated with an underlying Lévy-like process which has more long intervals, primarily due to prolonged periods of relative inactivity. Furthermore, our data suggest that the swimming behavior can be attributed to interactions between two intrinsic systems. One is represented by the matrix of transition of probabilities between states and controls their sequential organization while the second, which is defined by interval distributions, determines the time spent in each state. This kinetic model detects subtle effects of low doses of neuroactive compounds, and identifies their specific locus of action. We propose that this paradigm can be ‡ Corresponding author. 233 234 P. Faure et al. applied to characterize normal behavior and its modifications by genetic or pharmacological manipulations.
INTRODUCTION
Locomotion is organized in both the spatial and temporal domains. For example, during foraging, an animal explores one specific area during a given time and then shifts its focus to a new region. A recent perspective is that this is an integrative process, 1 insufficiently described by statistics based on classical measures such as estimates of the distance moved, speed or acceleration, and number of turns. [2] [3] [4] Thus new approaches may bring unexpected insight. We have decomposed fish swimming trajectories into a combination of discrete behavioral states extracted by applying a threshold to continuous variables, namely location and speed. Once the decomposition was achieved, we focused on the duration of states and the probabilities of their transitions using graphical representations, and we compared them in different environmental conditions.
METHODS

Data Acquisition
A control library of 31 trajectories (15 minutes each) was collected from 11 individual goldfish videotaped (30 Hz) while swimming in a circular aquarium (50 cm diameter, 20 cm height, 7 cm water depth), illuminated from above and below. Deionized water conditioned with NovAqua (6 tsp/30 gal; Jungle Laboratories, USA), Instant Ocean (6.9 g/30 gal; Aquarium Systems, USA), Copper Safe (30 ml/30 gal; St John Laboratories, USA), and pH stabilizer (3 tsp/30 gal; Jungle Laboratories, USA) was used for holding and experimental tanks. Temperature (22 ± 1 • C), pH (7 ± 0.2), and dissolved oxygen (saturated, 8 ppm) were monitored regularly. Fish position was specified with a marker glued to its ventral surface and was expressed in rectangular coordinates x and y. The two-dimensional paths were normalized and transformed such that location was defined by radial position, R(t) = 1 − (x 2 + y 2 ). A second parameter was the instantaneous velocity, i.e. the first time derivative of position V(t) = [dx/dt) 2 + (dy/dt) 2 ]. The control trajectories were compared with those obtained with subsets of these fish in water contaminated with (1) 0.74 mg/l malathion (s-1, 2-bis-[eth-oxycarbonyl]-ethyl-o, o dimethylphos-phorodithioate, 98.5% purity, Sigma-Aldrich, Germany), after a pre-exposure period of 2 hours (n = 15; four fish), and (2) to 0.25% of ethanol (n = 5; two fish). The pesticide dose is very low since the LD50 for goldfish after a 96 hour pre-exposure is 10.7 mg/l 5 and the maximum allowed in drinking water is 0.2 mg/l (EPA, Office of Waters, www.epa.gov/waterscience).
Transformations Into Symbols
Three decompositions, illustrated in Figs. 2(A)-(B) and resulting in the symbolic series ϕ 1 (t), ϕ 2 (t) and ϕ 3 (t), were chosen. First, instantaneous velocity was partitioned about the threshold θ, using the following rule: if V(t) > θ then ϕ 1 (t) = F , else ϕ 1 (t) = S. Second, the space was divided into a central zone A with R A < 1 and an annulus B. Then, depending on R(t), ϕ 2 (t) = B or A. Third, combining the corresponding symbols generated a four-state grammar, namely ϕ 3 (t) = AF , BF , AS or BS. Our results were qualitatively similar when the boundary thresholds were in the range of 30-70% for velocity and 0.1-0.3 for radial position, or if velocity was partitioned using the same absolute value for all fish.
Quantification of Transitions Between States
The sequence of transitions between states was used to construct a 4 × 4 transition frequency matrix A = (t ij ), where t ij is the number of times state i is followed by state j. Classically, each value in the matrix can be normalized with respect to the total of all state changes, thereby producing a transition probability matrix. Conditional probabilities were also calculated, for example, p(AF |AS) is the probability of entering AF given that the present state is AS. Quantification between states were obtained by computing: (i) the probability of a given state, (ii) the entropy of conditional transitions, H(|AS) = − j=AF,BS,BS p(j|AS) × ln p(j|AS), and (iii) a complexity measure 6, 7 which is a sequence-sensitive quantity; it gives an indirect indication of the dynamics of the system that generates a symbolic string. Lempel-Ziv complexity, 8 C LZ , is a positive integer which depends on the initial length of the message, and needs therefore to be normalized. Redundancy can be calculated. It is defined as R d = 1 − C LZ / C LZsurr , where C LZsurr is the mean value of the complexity obtained for 20 random permutations of the original message.
RESULTS
Characterization of Locomotor Behavior
We filmed single fish swimming in a circular tank with a relatively homogeneous environment using a video camera. As shown in Fig. 1(A, top) , the typical swimming behavior recorded over a period of 15 minutes is distinguished by foraging, primarily around the outer circumference of the aquarium, and interrupted by explorations of the center of the tank. 9, 10 This behavior is sometimes discontinuous, with periods of "inactivity" during which the fish slowly moves within a restricted domain. This global pattern was not obviously modified during exposure to malathion, a cholinesterase inhibitor 11 [ Fig. 1(A, bottom) ]. Overall, our study relied upon two parameters [ Fig. 1(B) ], instantaneous velocity and radial position R(t). The probability densities of these variables [ Fig. 1(C, inset) ] obtained with pooled control data were not normally distributed and had modes of about 54 mm/sec for velocity and 0.05 for radial position. More importantly, variations between individual trajectories were significant The power spectra of radial position and velocity were calculated using a standard Fast Fourier transform algorithm. We observed that the mean power spectrum of control swimming was linear on a log-log scale [ Fig. 1 (E)] approximating that of 1/f noise, 12 with the slope β = −0.9 for frequencies, ranging from 0.013 to 0.8 Hz. Scaling was cut off at higher frequencies presumably due to biomechanical constraints. After exposure to contaminants, the slope became more shallow in malathion [ Fig 
Symbolic Reductions and Lévy
Distributions.
The finding that swimming is scale invariant and intermittent suggests that it emerges from underlying nonlinear processes whose structures can be revealed by constructing a phase space and quantified using various coarsed-grained measures. 13 This macroscopical description is similar to that implemented for rat locomotion. 14 We relied first on symbolic dynamics, given that the animal switches between states that can be distinguished by defining a threshold. 15 The transition between them (each of which corresponds to a specific "behavioral pattern") may be gradual or sudden but the underlying concept is that of a switch occurring with some probability. One of the advantages of this method is that it provides a scale independent measure of the behavior. Decompositions of behavior were based both on speed and position [ Fig. 2(A) ], but this strategy can be extended to other parameters and functions. We first focused on the duration of the successive states [ Fig. 2(B) ]. Cumulative interval distributions were plotted for the control data. Asymptotic power laws extending over 1.5 to 2 log units were observed for velocity [ Fig. 2(C, left) ], for radial position [ Fig. 2(C, right) ], and when the symbols were combined. To rule out that these functions reflect sequence independent properties, we reconstructed surrogates 16 of the original time series. That is, the original data were randomly shuffled preserving the same distribution alone or in combination with its spectral properties, using the iterated Amplitude Adjust Fourier Transform algorithm, 17 or constructing surrogates using the transition probabilities matrices. Under these conditions, the power laws generally disappeared [ Fig. 2(C) ], indicating that nonlinear properties of the generators underlying fish locomotion have a major influence on the overall expression of the behavior. In confirmation, we tested the alternative that interval distributions were produced by a gaussian process with added drift by deriving time series of interval increments, ∆I(n) = I(n+1)−I(n). The resulting semi-log plots of the probability density functions were broader than normal ones [ Fig. 2(D) ], with some events being longer than 100 times the standard deviation. Furthermore, the cumulative distributions of ∆I(n) could be described by power functions [ Fig. 2(E) ] compatible with a Lévy process, 18,19 a special class of random walks whose step lengths possess no characteristic size. Similar distributions of time intervals between consecutive changes, either in direction or between initiation and cessation of activity, have already been reported for several species such as ants, 20 drosophila, 15,21 and albatross. 22 
Modifications by External Conditions
We next asked if these quantifications could be extended to contrast normal and altered swimming in situations where classical measures do not detect differences (e.g. where mean velocities in control and malathion averaged 51.5 ± 12.5 and 49.03 ± 20.4 mm/sec). Indeed, algebraic tails of 
Fig. 3 Environmental sensitivity (A)-(C) and origin (D)-(E) of power laws. (A)-(B)
Changes in the slopes of the cumulative interval distributions (confidence intervals ± 5%) for velocity and radial position, respectively (ordinates are shifted as in Fig. 1(E) , from top to bottom, control, malathion and ethanol). (C) Relative occurrence (in %) of states AS, AF , BS and BF in the indicated experimental conditions. Asterisks (**) indicate significant differences between control and experimental data (χ 2 test). (D) Two component description of locomotor behavior. Left: State diagram for control fish (n = 31). The most frequent shifts are highlighted by the thickness of the connecting arrows. The red and black numbers indicate the probability (in %) of a given transition relative to all transitions and the conditional probability (for example of AS → AF /total number transitions out of AS), respectively. Right: Log-log plots of the cumulative distributions of the times (t) spent in each state (same experiments). Hypothetically, the two late sets are coupled (double arrows). (E) Upper and middle, comparison between experimental (black) and surrogates (red) obtained using control data (see text) for velocity and radial position, respectively. Lower, cumulative probability distributions for states having slow or rapid components alone. For these simulations, two successive states having the same speed (e.g. AF , BF or AS, BS) were considered as one summed event (F or S).
the power laws were preserved after exposure to malathion or ethanol, but the slope α was significantly altered, being less steep for all symbolic series [ Figs. 3(A) and (B) ]. These variations reflect a tendency towards relatively longer intervals separating changes in state. In addition, there was a significant shift in the fraction of time spent in each of the four states after drug exposure [ Fig. 3(C) ], due primarily (as with pharmacologically treated rats 14 ) to alterations in the time dwelt in the center of the aquarium (39% in control versus 26% in malathion and 53% in ethanol).
Dynamics of Behavioral Units
Transforming continuous behavior into successive discrete states, i.e. into a four-state model provided information on their distributions, but that was not sufficient to account for the dynamics between the successive states. For this aim, the matrix of transition probabilities [ Fig. 3(D, left) ], was reconstructed, each behavioral unit being of variable duration and defined by one of the possible combinations of letters. It demonstrated that, in control, fish changed speed while remaining in the same zone (i.e. AF AS and BF BS) and preferred to move from one area to the other at fast speed. In addition, the distribution of durations spent in each state [ Fig. 3(D, right) ] suggested that the tail of the power laws was determined by the time spent in the slow events, rather than in a given location. These results are compatible with those of Cole. 15 We then asked if these two different data sets are sufficient to characterize log P(I(n)>t) Mal.
Cont.
Eth. Cont.
Eth. swimming and its perturbations. For this purpose, trajectories were simulated using (i) the conditional probabilities from a given state to specify the next one, and (ii) the interval distributions to determine its durations, this whole procedure being reiterated until the total number of states equalled the experimental one. This approach reproduced the experimental power laws for velocity and, over a smaller range, position. Figure 3 (E) further shows that when events were separated, the slow ones were required to generate Lévy-like distributions.
Determinism of Swimming Trajectories and Sites of Drug Action
The successful reproduction of the four-state equilibrium percentages in control [ Fig. 4(B, column 1) ] suggested that this protocol can be used to further dissect the respective contribution of the conditional probabilities and of the state durations on the dynamics of the trajectories. The neuroactive compounds affected both the interval distributions and the transition matrices. The effect on the latter was mainly on transitions to or from AF [ Fig. 4(A) ]. That is, a tendency of fish exposed to malathion to swim in zone A was a consequence of an increased number of transitions within the AF − AS node, which could be a consequence of a reduction in p(BF |AF ) [ Fig. 4(A, top) ]. In ethanol, fish visited the center more often due to an increased p(BF |AF ) and a decreased p(AS|AF ), favoring a shift to the BF − BS node [ Fig. 4(A, bottom) ]. Thus, although both compounds similarly modified the power laws, the further state dependent analysis identified opposing modes of action.
To specify the locus of drug actions, we used a "point mutation" strategy. That is, one can modify the probabilities of leaving one of the four states in the state diagram and/or one of the four state duration distributions. First, and as done above, convolving each transition matrix with the corresponding state duration distribution yielded satisfactory agreements with the experimental percentages of each state [ Fig. 4(B, upper) ]. Second, selected conditional probabilities from a given node were switched from one matrix into another. The probabilities of exiting AF dominated the equilibrium distributions since substituting only their values from one matrix into another was sufficient to shift a distribution to one corresponding to that obtained with the experimental conditions that provided the substituted values. This effect occurred independent of the source of the duration distribution used [ Fig. 4(B, lower) ]. Thus the drug action on the transition matrix and equilibrium distributions was highly specific. In contrast, the slopes of the power laws were determined exclusively by the condition-specific duration distributions [ Fig. 4(C) ] and the drug effects were cumulative, not localized.
Comparison of Individual Trajectories
This approach can be extended to detect pathological trajectories in individual fish. To determine if individual fish swim differently in an altered environment, we computed separate equilibrium probabilities for each fish and compared them with the mean control probabilities. Exposure to malathion produced a shift towards the outer ring and away from the center in ten of 15 trajectories, with a major effect on 6, whereas ethanol had the opposite effect 5(B, right) ]. We assessed the discriminant power of this symbolic approach by establishing confidence intervals for these 12 measures (four for complexity, four entropies of transitions and four state distributions). Trajectories outside these limits were considered to be from contaminated water [ Fig. 5(B, shaded areas) ]. In the malathion group, 12 out of 15 (80%) were correctly identified in at least one test. Overall five, four and three trajectories were outside the confidence intervals in more than eight, from three to seven and one to two of the 12 tests. After exposure to ethanol, four of the five trajectories had some measures beyond the control confidence intervals, namely one in more than eight, two in three to seven and one in one to two tests, respectively.
DISCUSSION
Commonly used for studies of complex systems, symbolic analysis has been successfully applied to motor behavior for descriptive 23 and quantitative 14 purposes. As shown here, although originally designed for a macroscopic characterization of a given system, this method can provide a link between measures and a model of the underlying process being studied. Our data are consistent with the notion that swimming is governed by two associated but distinct subsystems which are represented by the duration of states and the matrix of transitions between them, respectively. The former most likely corresponds to a classical central pattern generator (CPG) driven by supraspinal inputs 24 which produces the required speed of body movement. Indeed, the spinal circuitry in goldfish involves excitatory and inhibitory connections between synergistic and antagonistic muscle, respectively, 25 a configuration which provides the basic template for the generation of recurrent alternating movements. 26 The latter, which organizes the spatio-temporal sequences of states, is probably located in the forebrain and modulated by sensory inputs, since it is particularly sensitive to malathion, a compound which alters cognitive functions. 27 In any case, the sensitivity of the power laws and of the equilibrium between states (transition probabilities), which allows pharmacological agents to be detected, provides an unexpected framework for quantification of motor behavior. 28 Power laws and intermittency, which are different aspects of nonlinearity, 29 are compatible with the fact that animals move along a series of temporally varying and complex spatial paths, 30 a property that confers both energetic and behavioral advantages. 22,31 -33 . Several mechanisms may be involved in the generation of power laws such as nonlinear systems with intermittency 12,34 or a Markovian system with hidden substates. 35 Both potential mechanisms could be subserved by networks involving a CPG.
It has been proposed that scaling in animal behavior is the consequence of the complex distribution of food in ecosystems that forces animals to follow Lévy flight. 22 However, as shown here, trajectories of fish swimming in a homogeneous environment that lacks obvious sensory attractors are still characterized by power laws. This observation is consistent with the view that complex patterns of behavior reflect mostly intrinsic operations and self-organization of neural networks 23 rather than a response to external stimulations.
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